INTRODUCTION {#s1}
============

Fungal species are highly varied in their tolerance to high temperature, although the majority prefer the range of 12° to 30°C, and relatively few species tolerate temperatures higher than 35°C ([@B1]). This bottleneck of species able to grow at higher temperatures is thought to limit the number of fungal species able to colonize animals with higher body temperatures, such as mammals. Although thermal stress is known to have broad effects on the cellular processes of other fungal species, including Saccharomyces cerevisiae (reviewed in reference [@B2]), Candida albicans ([@B3]), Schizosaccharomyces pombe ([@B4]), Aspergillus fumigatus ([@B5]), and Metarhizium anisopliae ([@B6]), our understanding of the mechanisms underpinning the ability of some species to grow at higher temperatures is incomplete ([@B7]).

Microsporidia constitute a group of spore-forming unicellular obligate intracellular parasites which have recently been reclassified as fungi. Currently, approximately 1,500 species are known. Microsporidian infections are widespread in nature but are relatively understudied compared to other fungal groups (reviewed in reference [@B8]). The microsporidian species *N. ceranae* has received considerable attention recently ([@B10], [@B11]) in response to intensifying the focus on the role of microbial attack on honey bee health ([@B12]). Comparative genomics indicates that *N. ceranae,* and microsporidia more broadly, have lost many of the cellular processes and pathways found in free-living eukaryotes ([@B13]). Yet, despite this genome compaction, *N. ceranae* exhibits a striking ability to grow at the high temperatures (34 to 35°C) maintained in honey bee colonies ([@B14], [@B15]).

We hypothesized that the genomic reduction in conjunction with selection for thermotolerance in this species could result in novel structure and function of the heat shock response (HSR), which responds to proteostatic disruption in the cytoplasm ([@B16], [@B17]). Our genomic analysis revealed that while some of the core components of the pathway are conserved, this species possesses reduced numbers of proteotoxic stress-related genes in comparison with other fungal species. Interestingly, we found that *N. ceranae* and other microsporidian species have lost the transcriptional regulator HSF that is critical for HSR function in other species. However, using RNA sequencing (RNA-seq), we found that *N. ceranae* possesses a robust induction of the remaining HSR target genes after heat shock. In addition, thermal stress leads to alterations in genes involved in various metabolic pathways, ribosome biogenesis and translation, and DNA repair. Finally, heat shock induces a significant number of genes encoding proteins of unknown function. These results provide an important new understanding of microsporidian cell biology and shed new light on how stress responses in these species compare to other pathogenic fungi. Moreover, the application of such discoveries to the treatment of microsporidian infections could have important impacts on food production and human health.

RESULTS {#s2}
=======

Heat shock can dramatically reduce *Nosema* infection intensity in honey bees. {#s2.1}
------------------------------------------------------------------------------

We first determined how a heat shock protocol known to cause robust induction of the HSR in the honey bee ([@B18]) would impact *N. ceranae* infection. We experimentally infected bees and 7 days postinfection exposed the infected bees to 35° or 45°C for 4 h. After 24 additional h, we measured spore levels using light microscopy to determine the effects of heat shock on *N. ceranae* infection intensity. We found that maintaining bees ([Fig. 1A](#fig1){ref-type="fig"}) at 45°C for 4 h resulted in a dramatic reduction in spore levels. We found similar results for bees captured on the landing board of an infected colony and then maintained at 45°C for 4 h ([Fig. 1B](#fig1){ref-type="fig"}). We also found that this effect was dependent on the duration of the heat shock and temperature. There was no reduction in infection intensity in bees kept at 39°C even for 24 h (see [Fig. S1A](#figS1){ref-type="supplementary-material"} in the supplemental material). Bees had to be kept at 45°C for at least 2 h to reduce infection intensity ([Fig. S1B](#figS1){ref-type="supplementary-material"}). We found that a 4-h treatment of 45°C had no impact on honey bee survival during the course of the experiment (data not shown), in agreement with other studies on the thermotolerance of honey bees ([@B19]).

![Heat shock reduces *N. ceranae* infection intensity in naturally or experimentally infected honey bees. (A) *N. ceranae* levels as determined by spore count using light microscopy in individual experimentally infected or control bees 8 days postinfection 24 h after exposure to 35° or 45°C for 4 h. (B) *N. ceranae* levels as determined by spore count using light microscopy in individual bees from an infected colony 24 h after exposure to 35° or 45°C for 4 h. Bars and error bars represent the mean ± standard error of the mean (SEM) for expression values of the genes of interest calculated using the ΔΔ*C~T~* method. Statistical significance is noted as \*, *P* \< 0.05; and \*\*, *P* \< 0.01.](mSphere.00219-19-f0001){#fig1}
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\(A\) *N. ceranae* levels as determined by spore count using light microscopy in individual experimentally infected bees 8 days postinfection after exposure to 35°C or 39°C for 4 h or 39°C for 24 h. (B) *N. ceranae* levels as determined by spore count using light microscopy in individual experimentally infected bees 8 days postinfection 24 h after exposure to 45°C for 0, 1, 2, or 4 h. a ≠ b; *P* \< 0.05; \*\*, *P* \< 0.01. Download FIG S1, DOCX file, 0.05 MB.
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*N. ceranae* has lost the canonical HSF and possess a reduced set of core HSF1-dependent HSR target genes. {#s2.2}
----------------------------------------------------------------------------------------------------------

We examined the genome of *N. ceranae* to determine if the genome compaction found in microsporidia affects genes encoding the proteins involved in protecting cells from proteotoxic stress. Remarkably, our analysis of the *N. ceranae* genome revealed that this species has apparently lost the canonical HSF protein found in most eukaryotes, from fungi to animals and plants ([@B20]). *N. ceranae* possesses two genes encoding proteins with HSF-like domains, NCER_101594 and NCER_100004; however, alignment with fungal HSF proteins demonstrates that these proteins lack key activation domains ([@B20]) ([Fig. 2](#fig2){ref-type="fig"} and [S2](#figS2){ref-type="supplementary-material"}). Based on the DNA-binding domain homology, NCER_101594 is most closely related to the response regulator SKN7 proteins of fungi ([Fig. S2A](#figS2){ref-type="supplementary-material"}). In fact, it possesses a receiver domain found in two-component signal proteins, such as SKN7 ([Fig. S2B](#figS2){ref-type="supplementary-material"}). Based on the DNA-binding domain homology, NCER_100004 is more closely related to HMS2. Examination of other available microsporidian genomes ([@B21]) reveals that all but one, Hamiltosporidium tvaerminnensis, have one or both of these two proteins ([Table S1](#tabS1){ref-type="supplementary-material"}), but all apparently lack the canonical HSF. Equally striking is the apparent lack of *Msn2/4* gene homologs which encode stress-responsive transcription factors that regulate genes in response to diverse stresses, including thermal stress ([@B2]).

![HSF, Skn7, and Hms2 in *N. ceranae* (*N.c.*) and S. cerevisiae (*S.c.*). A schematic representation of the domain structures of the HSF, SKN7, and HMS2 proteins from S. cerevisiae and the SKN7 and HMS2 proteins from *N. ceranae*. Shown are the location of the DNA-binding domain, the HSF domain, the coiled-coil domain, and known transactivation domains (based on references [@B39][@B40][@B41]).](mSphere.00219-19-f0002){#fig2}
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\(A\) Alignment of the DNA-binding domains of HSF1-like proteins from *N. ceranae* (NCER_100004 \[HMS2\] and NCER_101594 \[SKN7\]), the DNA-binding domains of the SKN7 proteins from *Chaetomium thermophilium*, S. cerevisiae, S. pombe, and A. fumigatus, the DNA-binding domains of the HSF1 proteins from *C. thermophilium,* S. cerevisiae, S. pombe, A. fumigatus, and Homo sapiens, and the DNA-binding domains of the HMS2 protein of S. cerevisiae (based on Nakai \[[@B40]\]). (B) Alignment of the response regulator domain of the SKN7 proteins from *N. ceranae,* S. cerevisiae, S. pombe, and A. fumigatus, with the critical aspartate noted with an asterisk (based on Fassler and West \[[@B41]\]). Download FIG S2, DOCX file, 0.07 MB.
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HSF-like proteins in microsporidia genomes (sheet 1), Predicted cellular localization for microsporidia HSF-like proteins and proteins encoded by putative target genes (sheet 2), All predicted chaperone proteins in *N. ceranae* genome (sheet 3). Download Table S1, XLSX file, 0.02 MB.
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Recent work has identified a core set of HSF-dependent genes in the yeast Saccharomyces cerevisiae ([@B22]) and in mammals ([@B21], [@B22]). We used these to identify putative homologs ([Table 1](#tab1){ref-type="table"}) and found that *N. ceranae* possesses apparent homologs for many of the proposed transcriptional targets of the pathway but has also lost a number of putative target genes, such that it only possess 7 of the 17 genes found to be core HSF-dependent genes in yeast. In addition, we identified other chaperone genes in the *N. ceranae* genome, including two HSP70 genes, NCER_101680 (predicted mitochondrial HSP70) and NCER_101994 (predicted to encode the HSP70 localized to the endoplasmic reticulum via a signal sequence \[[Table S1](#tabS1){ref-type="supplementary-material"}\]), three additional HSP40 genes (NCER_101230, NCER_101367, and NCER_102171), and one gene for an HSP110, NCER_102035. A comparison between S. cerevisiae and *N. ceranae* reveals a sharp reduction in all classes of chaperones ([Tables 2](#tab2){ref-type="table"} and [S1](#tabS1){ref-type="supplementary-material"}).

###### 

*N. ceranae* homologs of HSF-like proteins and core HSF-dependent HSR genes identified in S. cerevisiae

  S. cerevisiae gene name   *N. ceranae* homolog   Gene ID[^*a*^](#ngtab1.1){ref-type="table-fn"}   Proposed function[^*b*^](#ngtab1.2){ref-type="table-fn"}
  ------------------------- ---------------------- ------------------------------------------------ ----------------------------------------------------------
  *Hsf1*                    Not found              NA                                               Transcription factor
  *Skn7*                    NCER_101594            9423197                                          Transcription factor
  *Hms2*                    NCER_100004            9423888                                          Transcription factor
  *Msn2/4*                  Not found              NA                                               Transcription factor
  *Ssa2*                    NCER_102023            9422542                                          HSP70
  *Hsc82*                   NCER_101194            9423122                                          HSP90
  *Ydj1*                    NCER_100860            9422122                                          HSP40
  *Sis1*                    NCER_101046            9424448                                          HSP40
  *Hsp104*                  NCER_101322            9424565                                          HSP104, disaggregase
  *Cpr6*                    NCER_101263            9424620                                          Cyclophilin
  *Sti1*                    NCER_101694            9422697                                          Cochaperone
  *Mbf1*                    Not found              NA                                               Transcriptional coactivator
  *Btn2*                    Not found              NA                                               Protein sorting
  *Aha1*                    Not found              NA                                               Cochaperone
  *Hch1*                    Not found              NA                                               Cochaperone
  *Fes1*                    Not found              NA                                               HSP70 NEF
  *Cur1*                    Not found              NA                                               Protein sorting
  *Hsp42*                   Not found              NA                                               HSP40
  *Hsp78*                   Not found              NA                                               HSP78, Mt disaggregase
  *Hsp82*                   Not found              NA                                               HSP90
  *Mdj1*                    Not found              NA                                               HSP40

ID, identifier; NA, not applicable.

NEF, nucleotide exchange factor; Mt, mitochondrial.

###### 

Genes encoding chaperone proteins in the S. cerevisiae and *N. ceranae* genomes

  Chaperone class     No. of genes (cytoplasmic, secretory, mitochondrial) in:   
  ------------------- ---------------------------------------------------------- -------------
  Hsp100              2 (1, 0, 1)                                                1 (1, 0, 0)
  Hsp90               2 (2, 0, 0)                                                1 (1, 0, 0)
  Hsp90 cochaperone   9 (9, 0, 0)                                                3 (3, 0, 0)
  Hsp110              2 (1, 0, 0)                                                1 (1, 0, 0)
  Hsp70               11 (6, 2, 3)                                               3 (1, 1, 1)
  Hsp70 NEF           4 (2, 1, 1)                                                0 (0, 0, 0)
  Hsp40/J             20 (13, 2, 5)                                              5 (4, 1, 0)
  sSHP                3 (3, 0, 0)                                                0 (0, 0, 0)
  Prefoldin           6 (6, 0, 0)                                                0 (0, 0, 0)
  Chaperonin          10 (8, 0, 2)                                               8 (8, 0, 0)

Heat shock induces a strong HSR in *N. ceranae*. {#s2.3}
------------------------------------------------

To determine whether *N. ceranae* could induce these genes in a heat shock response despite the loss of HSF, we experimentally infected bees and examined heat shock-dependent induction of putative heat shock genes for honey bee and *N. ceranae* in the midgut tissue of infected honey bees maintained at 35° or 45°C for 1 h at 8 days postinfection ([Fig. S3](#figS3){ref-type="supplementary-material"}). To use an unbiased approach to identify HSR target genes, we performed transcriptome profiling (RNA sequencing \[RNA-seq\]) of midguts from the bees. Six individual bee RNA-seq libraries (3 from each group) were prepared using the NEBNext Ultra RNA library preparation kit, and sequencing was then performed using an Illumina HiSeq platform. Transcriptome analysis of honey bee sequences revealed that HSR induction increased the expression of 283 genes compared to control bees and decreased the expression of 57 genes compared to control bees ([Fig. 1](#fig1){ref-type="fig"} and [S2A](#figS2){ref-type="supplementary-material"} and [Table S2](#tabS2){ref-type="supplementary-material"}). Transcriptome analysis of *N. ceranae* sequences revealed that HSR induction increased the expression of 147 genes compared to *N. ceranae* in control bees and decreased the expression of 100 genes compared to *N. ceranae* in control bees ([Fig. 1](#fig1){ref-type="fig"} and [S2B](#figS2){ref-type="supplementary-material"} and [Table S2](#tabS2){ref-type="supplementary-material"}).
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Volcano plot showing significantly upregulated (red) and downregulated (blue) genes for *A. mellifera* (A) and *N. ceranae* (B). Download FIG S3, DOCX file, 0.2 MB.
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Significant differential gene expression (Apis mellifera) (sheet 1), and significant differential gene expression (*N. ceranae*) (sheet 2). Download Table S2, XLSX file, 0.06 MB.
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To confirm the gene expression change observed by sequencing, we performed quantitative PCR (qPCR) on putative target genes, first in the honey bee. Relative to the β-actin gene, we observed robust induction of the homologs of the core HSF target genes, *Hsc70-4*, *Hsp70Ab*, *Hsp90*, *Hsp70Cb*, *Dnaja1*, and *Hspe1* in honey bees, which we had previously found to be induced by heat shock after 4 h ([@B18]) ([Fig. S4](#figS4){ref-type="supplementary-material"}). As expected, the transcriptional regulator *Hsf* was not induced after heat shock ([Fig. S4](#figS4){ref-type="supplementary-material"}), and β-actin gene levels were similar irrespective of temperature as assessed by threshold cycle (*C~T~*) values ([Fig. S4](#figS4){ref-type="supplementary-material"}), as shown before ([@B18]).
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Transcript levels of putative core honey bee HSR target genes *Hsc70-4*, (A) *Hsp70Ab* (B), *Hsp90* (C), *Hsp70Cb* (D), *Dnaja1* (E), *Hspe* (F), and Hsf (G) relative to β-actin (for which C~T~ values are shown in panel H) in the midgut of infected bees maintained for 1 h in cages at either 35°C or 45°C. Bars and error bars represent the mean ± standard error of the mean (SEM) for expression values of the genes of interest calculated using the ΔΔ*C~T~* method. Statistical significance is noted as \*, *P* \< 0.05; and \*\*, *P* \< 0.01. Download FIG S4, DOCX file, 0.2 MB.
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Then, we examined the transcript levels of the putative *N. ceranae* HSR genes. The HSF-like genes, *Skn7* (NCER_101594) ([Fig. 3A](#fig3){ref-type="fig"}) and *Hms2* (NCER_100004) ([Fig. 3B](#fig3){ref-type="fig"}), showed no difference in expression after heat shock. Measuring the genes encoding the core set of heat shock genes, we found increased expression of the genes encoding the HSP70 family member *Ssa1* (NCER_102023) ([Fig. 3C](#fig3){ref-type="fig"}), the HSP90 family member *Hsc82* (NCER_101194) ([Fig. 3D](#fig3){ref-type="fig"}), the HSP40 family members *Ydj1* (NCER_100860) ([Fig. 3E](#fig3){ref-type="fig"}) and *Sis1* (NCER_101046) ([Fig. 3F](#fig3){ref-type="fig"}), the disaggregase *Hsp104* (NCER_101322) ([Fig. 3G](#fig3){ref-type="fig"}), the cyclophilin *Cpr6* (NCER_101263) ([Fig. 3H](#fig3){ref-type="fig"}), and the cochaperone *Sti1* (NCER_101694) ([Fig. 3I](#fig3){ref-type="fig"}), relative to the *N. ceranae* β-actin gene. We also looked at the other chaperone proteins we found through homology searches and found that the HSP70 *Ssc1/Ecm10* (NCER_101680) ([Fig. 4A](#fig4){ref-type="fig"}), the HSP110 *Sse1* **(**NCER_102035) ([Fig. 4B](#fig4){ref-type="fig"}), the HSP40 *Sis1-like Dnaj-containing* (NCER_102171) ([Fig. 4C](#fig4){ref-type="fig"}), the HSP40 *Ydj1/Jem* (NCER_101230) ([Fig. 4D](#fig4){ref-type="fig"}), were all increased after heat shock relative to the *N. ceranae* β-actin gene. Interestingly, *Kar2* (NCER_101994) ([Fig. 4E](#fig4){ref-type="fig"}), encoding the predicted endoplasmic reticulum HSP70, was decreased in expression relative to *N. ceranae* β-actin gene after heat shock, while the HSP40 *Jem1* (NCER_101367), also predicted to have signal sequence, did not change after heat shock ([Fig. 4F](#fig4){ref-type="fig"}). ([Table S3](#tabS3){ref-type="supplementary-material"}).

![*N. ceranae* cells possess robust core response heat shock. (A to I) Shown are transcript levels of *N. ceranae* genes *Skn7* (NCER_101594) (A), *Hms2* (NCER_100004) (B), *Ssa1* (NCER_102023) (C), *Hsc82* (NCER_101194) (D), *Ydj1* (NCER_100860) (E), *Sis1* (NCER_101046) (F), *Hsp104* (NCER_101322) (G), *Cpr6* (NCER_101263) (H), and *Sti1* (NCER_101694) (I), relative to the *N. ceranae* β-actin gene in midguts from experimentally infected bees at 8 days postinfection after being maintained for 1 h in cages at either 35°C or 45°C. Bars and error bars represent the mean ± SEM for expression values of the genes of interest calculated using the ΔΔ*C~T~* method. Statistical significance is noted as \*, *P* \< 0.05; and \*\*, *P* \< 0.01.](mSphere.00219-19-f0003){#fig3}

![*N. ceranae* cells display strong broader response to heat shock. (A to F) Shown are transcript levels of *N. ceranae* genes *Ssc1/Ecm10* (NCER_101680) (A), *Sse1* (NCER_102035) (B) *Sis1-like Dnaj-containing* (NCER_102171) (C), *Ydj1/Jem* (NCER_101230) (D) *Kar2* (NCER_101994) (E), and *Jem1* (NCER_101367) (F) relative to the *N. ceranae* β-actin gene in midguts from experimentally infected bees at 8 days postinfection after being maintained for 1 h in cages at either 35°C or 45°C. Bars and error bars represent the mean ± SEM for expression values of the genes of interest calculated using the ΔΔ*C~T~* method. Statistical significance is noted as \*, *P* \< 0.05; and \*\*, *P* \< 0.01.](mSphere.00219-19-f0004){#fig4}
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Differentially expressed genes associated with specific cellular processes (sheet 1), and top 20 differentially expressed genes (highlighted are those no known function) (sheet 2). Download Table S3, XLSX file, 0.02 MB.
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Interestingly, a recognizable heat shock element (HSE) was found in the promoters of a number of these genes, including NCER_102023, NCER_102035, NCER_101194, NCER_100860, and NCER_101322 ([Fig. S5](#figS5){ref-type="supplementary-material"}) but not NCER_101046, NCER_101263, NCER_102171, NCER_101230, NCER_101367, NCER_101994, NCER_101694, or NCER_101680 (data not shown).

10.1128/mSphere.00219-19.5

Heat shock elements (HSEs) in *N. ceranae* genes. Select HSR target genes with transcriptional start site, HSE, and core microsporidia transcriptional regulatory motifs are denoted. Download FIG S5, DOCX file, 0.02 MB.
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Heat shock induces transcriptional shifts in the reduced metabolic pathways found in *N. ceranae*. {#s2.4}
--------------------------------------------------------------------------------------------------

In addition to alterations in protein folding machinery, we also observed that thermal stress leads to alterations in genes involved in diverse cellular processes ([Table S3](#tabS3){ref-type="supplementary-material"}), and we used qPCR to validate a number of these gene changes ([Fig. 5](#fig5){ref-type="fig"}[to](#fig6){ref-type="fig"}[7](#fig7){ref-type="fig"}). Like other microsporidian species, *N. ceranae* possesses diminished metabolic pathways, missing key components found in most other eukaryotes. Heat shock is known to modulate metabolism in other fungal species, including S. cerevisiae ([@B2]), so we were especially interested in the impacts of thermal stress on the expression of *N. ceranae* metabolic genes. Interestingly, we found that some of the most highly induced genes after heat shock are involved in carbon and nitrogen metabolism. The trehalose phosphate synthase gene (*Tps1* \[NCER_100278\]), which encodes the key enzyme for making trehalose from glucose-6-phosphate, is transcriptionally upregulated ([Fig. 5](#fig5){ref-type="fig"}). Trehalose is a key osmoprotectant thought to be important for mediating resistance to thermal stress in yeast, although some evidence suggests that this protein has other roles in thermotolerance ([@B23]). Transcription of the ribose-5-phosphate isomerase gene (*Rpi* \[NCER_102078\]), which encodes the enzyme that catalyzes the conversion between ribose-5-phosphate (R5P) and ribulose-5-phosphate (Ru5P) as part of the nonoxidative phase of the pentose phosphate pathway (PPP), is highly upregulated. The two most important products from this process are the ribose-5-phosphate sugar used to make nucleotides, and NADPH, which is an important reducing agent for many cellular processes. R5P can be converted through a series of reactions to the glycolysis intermediates glyceraldehyde-3-phosphate and fructose-6-phosphate. However, microsporidia lack key enzymes for making nucleotides and instead take up nucleotides from the host cell ([@B24]), possibly suggesting that the primary function of the PPP in these species is to generate NADPH. We also found increased expression of the gene encoding MIG1 (*Mig1* \[NCER_101715\]), a regulatory factor involved in glucose repression of genes involved in the utilization of alternative carbon sources in S. cerevisiae ([Fig. 5C](#fig5){ref-type="fig"}). These results suggest that thermal stress remodels carbon metabolism to shunt glucose toward trehalose generation and production of reductive potential. *N. ceranae* under thermal stress also increases expression of the iron-sulfur cluster assembly protein genes *Cia2* (NCER_100612) ([Fig. 5D](#fig5){ref-type="fig"}) and *Cfd1* (NCER_100723) ([Fig. 5D](#fig5){ref-type="fig"}) ([@B25]), which help manufacture these cofactors critical for many metabolic enzymes. Iron sulfur cluster synthesis machinery is known to be preserved in microsporidia ([@B26]), and this process is split between the mitosome and the cytoplasm. Delivery of iron sulfur clusters to holoproteins has been shown to require an hsp70 chaperone system in most eukaryotes. In Saccharomyces cerevisiae, the Hsp70 SSQ1, its J protein cochaperone JAC1, and the nucleotide release factor MGE1 participate in this activity. *N. ceranae* does not have homologs to these proteins, although other hsp70 and associated factors that this species does possess could be involved in this assembly function.

![*N. ceranae* cells display metabolic changes in response to heat shock. (A to E) Shown are the transcript levels of *N. ceranae* genes *Tps1* (NCER_100278) (A), *Rpi* (NCER_102078) (B), *Mig1* (NCER_101715) (C), *Cfd1* (NCER_100723) (D), and *Cia2* (NCER_100612) (E) relative to the *N. ceranae* β-actin gene in midguts from experimentally infected bees at 8 days postinfection after being maintained for 1 h in cages at either 35°C or 45°C. Bars and error bars represent the mean ± SEM for expression values of the genes of interest calculated using the ΔΔ*C~T~* method. Statistical significance is noted as \*, *P* \< 0.05; and \*\*, *P* \< 0.01.](mSphere.00219-19-f0005){#fig5}

![*N. ceranae* cells alter expression of amino acid metabolic genes in response to heat shock. (A to C) Shown are the transcript levels of *N. ceranae* genes *Aap* (NCER_102107) (A), *Gzf3a* (NCER_102253) (B), and *Gzf3b* (NCER_100170) (C) relative to the *N. ceranae* β-actin gene in midguts from experimentally infected bees at 8 days postinfection after being maintained for 1 h in cages at either 35°C or 45°C. Bars and error bars represent the mean ± SEM for expression values of the genes of interest calculated using the ΔΔ*C~T~* method. Statistical significance is noted as \*, *P* \< 0.05; and \*\*, *P* \< 0.01.](mSphere.00219-19-f0006){#fig6}

![*N. ceranae* cells alter other cellular processes in response to heat shock. (A to F) Shown are the transcript levels of *N. ceranae* genes *Bmt6* (NCER_101100) (A), *trnp* (B), *Irc20* (NCER_100564) (C), *Trx* (NCER_100813) (D), *Git1/Pac2* (NCER_102041) (E), and a protein of unknown function (NCER_102300) (F) relative to the *N. ceranae* β-actin gene in midguts from experimentally infected bees at 8 days postinfection after being maintained for 1 h in cages at either 35° or 45°C. Bars and error bars represent the mean ± SEM for expression values of the genes of interest calculated using the ΔΔ*C~T~* method. Statistical significance is noted as \*, *P* \< 0.05; and \*\*, *P* \< 0.01.](mSphere.00219-19-f0007){#fig7}

We found that a number of genes thought to be involved in amino acid metabolism and procurement in yeast were upregulated by thermal stress in *N. ceranae* ([Table S3](#tabS3){ref-type="supplementary-material"}). We found that two of the seven amino acid permeases ([@B27]) are upregulated by thermal stress (one of these, *Aap* \[NCER_102107\], is shown in [Fig. 6A](#fig6){ref-type="fig"}). The gene encoding glutamate synthase (*Glt* \[NCER_101292\]), which converts two glutamates to glutamine (and 2-oxoglutarate) while reducing NAD^+^ to NADH, was also upregulated by thermal stress. However, as microsporidia lack genes for generating most amino acids, the function of this gene in microsporidia is unclear. Most yeast species have a number of nitrogen-sensing pathways that allow them to respond to changes in the environment, including the nitrogen control repressible (NCR) pathway ([@B28]). The NCR pathway is regulated by a number of GATA factors ([@B29]). We found that *N. ceranae* possesses two GATA factors, *Gzf3a* (NCER_102253) and *Gzf3b* (NCER_100170), both of which are downregulated by heat shock ([Fig. 6B](#fig6){ref-type="fig"} and [C](#fig6){ref-type="fig"}).

Heat shock in *N. ceranae* impacts diverse cellular processes at the transcriptional level. {#s2.5}
-------------------------------------------------------------------------------------------

In addition, we observed that thermal stress leads to alterations in many genes involved in other cellular processes, such as ribosome biogenesis and translation, DNA repair, and redox status ([Table S3](#tabS3){ref-type="supplementary-material"}). The gene encoding 25S rRNA (uracil2843-N3)-methyltransferase (*Bmt6* \[NCER_101100\]), which is involved in ribosome biogenesis, is upregulated ([Fig. 7A](#fig7){ref-type="fig"}). The tRNA molecules with anticodons that specify proline inclusion in proteins by the ribosomes (tRNP) are highly upregulated by thermal stress ([Fig. 7B](#fig7){ref-type="fig"}). DNA repair genes were significantly upregulated after heat shock ([Table S3](#tabS3){ref-type="supplementary-material"}) with the IRC20 ubiquitin ligase shown here (*Irc20* \[NCER_100564\]) ([Fig. 7C](#fig7){ref-type="fig"}). It is well appreciated that DNA repair is impaired after heat stress and that many organisms respond by increasing capacity ([@B30]). Interestingly, microsporidia are known to have reduced DNA repair machinery ([@B31]). Transcripts encoding a putative thioredoxin (*Trx* \[NCER_100813\]), which are often upregulated during oxidative stress ([@B2]), were also increased after heat shock ([Fig. 7D](#fig7){ref-type="fig"}).

We also observed that a number of genes were upregulated that share significant homology with transcription factors involved in differentiation in yeast ([Table S3](#tabS3){ref-type="supplementary-material"}). *Git1/Pac2* (NCER_102041), most closely related to hypothetical protein YHR177W in S. cerevisiae, is upregulated ([Fig. 7E](#fig7){ref-type="fig"}). This protein contains a conserved Git1/Pac2 domain, identifying it as a member of the WOPR family. Transcription factors of this family are common to all fungi and control development, metabolism, and pathogenicity ([@B32]). Finally, heat shock induces a significant number of genes encoding proteins of unknown function. We found that only 81 of 167 upregulated genes had homologs outside microsporidia, and 11 of the top 20 induced genes encode proteins for which there is no known homolog ([Table S3](#tabS3){ref-type="supplementary-material"}). For example, NCER_102300 is a protein of unknown function containing no known structural features, and it is the second most highly upregulated gene after heat shock ([Table S3](#tabS3){ref-type="supplementary-material"} and [Fig. 7F](#fig7){ref-type="fig"}).

DISCUSSION {#s3}
==========

Fungal species display great variance in their tolerance to increased temperatures, but the majority prefer 12 to 30°C, while only a select few species are able to tolerate temperatures higher than 35°C ([@B1]). The existence of relatively few species able to grow at higher temperatures is thought to contribute to why mammals are fairly resistant to fungal infection. For other pathogenic fungi that can grow at mammalian body temperatures, the host organism can provide some buffering against environmental stresses ([@B33]). However, fungal species that are opportunistic pathogens, such as C. albicans, likely encounter substantial fluctuations in growth conditions and still possess robust cellular stress systems ([@B3]). As an obligate intracellular fungal pathogen, a microsporidian cell is able to take maximal advantage of the stable cellular environment of the host, which is maintained by the cellular and physiologic pathways designed to preserve cellular homeostasis. Our results mentioned above demonstrate that despite being obligate intracellular pathogens, microsporidia possess substantial ability to respond to thermal stress with transcriptional changes to typical HSR targets. In addition, we observe broad remodeling of gene expression affecting other diverse cellular processes. We found that some of the most highly induced genes after heat shock are involved in carbon and nitrogen metabolism. Thermal stress is known to have broad effects on metabolism in other fungal species, including Saccharomyces cerevisiae (reviewed in reference [@B2]), Candida albicans ([@B3]), Schizosaccharomyces pombe ([@B4]), Aspergillus fumigatus ([@B5]), and Metarhizium anisopliae ([@B6]). Interestingly, microsporidia do not possess complete metabolic pathways as found in other fungi ([@B13]), instead obtaining the majority of metabolites from the host through an elaborated system of transporters ([@B34]). Our results suggest that despite these losses, microsporidia respond to thermal stress with remodeling of their metabolism through changes in their limited complement of metabolic genes and through changes in the expression of metabolite transport proteins, which are known to be important for nutrient uptake by microsporidia ([@B34]). In addition, we observed that thermal stress leads to alterations in many genes involved in other cellular processes, such as ribosome biogenesis and translation, DNA repair, and redox status. Yeast possess a shared response to diverse stresses known as the environmental stress response (ESR) ([@B35], [@B36]). Changes in genes involved in such diverse stress responses may be interpreted as evidence of an ESR in this species, as has been discovered in yeast ([@B35], [@B36]). However, if so, the mechanisms for regulating such a response remain obscure, as described below. In addition to known genes involved in other processes, 11 of the top 20 induced genes encode proteins for which there are no known homologs ([Table S3](#tabS3){ref-type="supplementary-material"}). However, microsporidian genes are known to be highly divergent ([@B34]), and a high frequency of genes encoding proteins with no known function and containing domains solely found in other microsporidia has been observed in other studies of microsporidia ([@B37]). The apparent involvement of many of these genes in response to thermal stress is remarkable and warrants further study.

Perhaps the most interesting finding here is the apparent loss of the HSF transcription factor, which has been thought to be common to all eukaryotes ([@B38]). *N. ceranae* does possess two genes encoding proteins with HSF-like domains, NCER_101594 and NCER_100004. The proteins encoded by these genes appear to lack key activation domains ([@B39]) and are closer to SKN7 and HMS2, respectively. In both cases, the DNA-binding domain shares key structural domains with other fungal HSF-like proteins ([@B40]). It is interesting to speculate that one or both of these two proteins could function to modulate heat shock genes in the absence of HSF. SKN7 is known to have two main functions in other fungal species ([@B41]), one of which is to confer resistance to various cellular stresses, including oxidative, osmotic, and thermal stress. SKN7 is known to bind to HSE in other fungi, where it often coordinates gene expression with the transcription factor HSF1 ([@B42]). Interestingly, in these typical fungal species, SKN7 is part of a component signaling system with the partner protein SLN1 ([@B43]). However, microsporidian species, including *N. ceranae,* lack this protein. SKN7 has been implicated in stress responses in fungi ([@B41], [@B44], [@B45]). HMS2 was identified as a regulator of pseudohyphal differentiation in a screen that also identified SKN7 ([@B46]). It is also thought to be involved in responses to oxidative and thermal stress ([@B47]). In fact, it appears these two proteins arose as part of an ancient gene duplication event ([@B48]). Examination of other available microsporidian genomes ([@B21]) reveals that all but one, Hamiltosporidium tvaerminnensis, have one or both of these two proteins ([Table S1](#tabS1){ref-type="supplementary-material"}), while all have lost the canonical HSF protein. The microsporidian cells exhibit a robust capacity for HSR gene induction despite this loss. Other eukaryotic pathogens appear to be missing the canonical HSF, including Toxoplasma gondii ([@B49]) and Plasmodium falciparum ([@B50]).

A recognizable HSE was only present in the promoters of a subset of the classical HSR genes found to be altered in expression, suggesting that other factors are likely involved in regulating these genes. The ESR is known to be dependent on MSN2/4 transcription factors ([@B51]). The apparent lack of *Msn2/4* gene homologs which encode these stress-responsive transcription factors in *N. ceranae* suggests that if there is a general stress system in this species, it is not regulated though means of these factors. We did observe that *N. ceranae* possesses the related transcription factor MIG1, which was highly upregulated after heat shock, making this protein another potential candidate for controlling the HSR in this species.

In addition to the loss of canonical stress regulators, there is a sharp reduction in the core HSF-dependent gene targets and other typical HSR-induced genes. Previous studies have found that microsporidia have reduced numbers of chaperone proteins, outside the TriC/CCT paralogs, which have been retained ([@B52]). Since microsporidia are intracellular pathogens, they capitalize on the stability of the host cell environment controlled by cellular and physiologic homeostatic pathways. Thus, we hypothesized that in the context of relaxed selection, the genomic reduction in microsporidia would affect genes involved in cellular stress responses. However, another possibility is that the reduced proteome complexity found in microsporidia led to a reduced need for proteostasis machinery. Some evidence suggests that the numbers of specific chaperones within a family (e.g., HSP40) scales with genome size ([@B53]).

Our data may provide some explanation of the seasonal prevalence and intensity of *Nosema* sp. infections in honey bees ([@B54][@B55][@B56]). It has been found that honey bees can recover from infection by *N. apis* when kept at the modestly elevated temperature of 37°C ([@B57]). However, previous work has shown that although honey bee temperatures during flight and endothermic shivering can be quite elevated, the increased heat is localized predominantly to the thorax, and the abdomen, which contains the infected midgut, does not experience dramatically higher temperatures ([@B58]). In fact, it appears that temperature increases normally experienced in the honey bee midgut are insufficient to affect *N. apis* infection ([@B59]). Honey bees are known to engage in a behavioral fever in some fungal infections ([@B60]) and prefer warmer temperatures when infected with *N. ceranae* ([@B61]). Thus, it would be interesting to determine whether these behaviors influence *Nosema* infection.

*N. ceranae* infection has traditionally been controlled by treatment with the drug fumagillin ([@B62][@B63][@B65]), a methionine aminopeptidase 2 inhibitor (MetAP2). However, the effectiveness of fumagillin treatment in controlling *N. ceranae* at the colony level has been shown to be limited in scope and duration ([@B66]). High doses of this drug are toxic to all eukaryotic cells ([@B67]), and, most critically, this drug is slated to become unavailable in the near future due to production problems. Thus, efforts to find alternative treatment strategies are critical to protect honey bees from *N. ceranae* infection. As a MetAP2, fumagillin works by interfering with protein synthesis and thereby disrupts proteostasis, the homeostasis of protein synthesis, folding, function, and degradation ([@B68]). As confirmed here, *Nosema* spp., both *N. apis* ([@B69], [@B70]) and *N. ceranae* ([@B14], [@B15]), exhibit an increased vulnerability to heat shock, another trigger of proteotoxic stress that works by denaturing proteins in the cytoplasm. It might be expected that an increased understanding of the sensitivity of *N. ceranae* to proteotoxic insult might identify novel treatment strategies for microsporidia infection in honey bees.

In summary, we corroborated the idea that *N. ceranae* demonstrates increased sensitivity to heat stress relative to its honey bee host. Characterization of the HSR in *N. ceranae* revealed microsporidian species have lost the transcriptional regulator HSF and retain an attenuated set of core HSF1-dependent HSR target genes. These remaining HSR target genes are strongly induced after heat shock, suggestive of a novel HSR regulation system. In addition to changes in proteostasis genes, thermal stress leads to expression changes in genes involved in diverse cellular processes, including metabolic pathways, ribosome biogenesis and translation, and DNA repair. These experiments represent the first steps aimed at understanding the cellular physiology of *N. ceranae* under different stress conditions. These findings may lead to novel therapeutic strategies aimed at controlling microsporidian infections impacting food production and human health.

MATERIALS AND METHODS {#s4}
=====================

Honey bee tissue collection. {#s4.1}
----------------------------

Honey bees were collected from the landing board of outbred colonies in New York, NY, consisting of a typical mix of Apis mellifera subspecies found in North America, at different times during the months of April to October. Only visibly healthy bees were collected, and all source colonies were visually inspected for symptoms of common bacterial, fungal, and viral diseases of honey bees. After cold anesthesia, bees were dissected, and tissues were set aside for gene expression analysis by storing in RNA*later* (Invitrogen, San Diego, CA).

Ortholog screening of the *N. ceranae* and other microsporidian genomes. {#s4.2}
------------------------------------------------------------------------

HSR pathway and chaperone gene candidates from Saccharomyces cerevisiae ([@B72]) were used to find orthologs in the *N. ceranae* genome, as well as other available microsporidian genomes using the BLAST family of search functions (<https://www.ncbi.nlm.nih.gov/>), as described previously ([@B73]). The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was also used as a guide for comparing pathways between species ([@B74]). For proteins of interest, we used the SignalP 4.1 server to predict the presence of a signal sequence, the TargetP 1.1 server to predict secretory or mitochondrial localization, and Prosite to predict the presence of an endoplasmic reticulum (ER) retention signal.

Caged honey bee experiments. {#s4.3}
----------------------------

For all caged experiments, honey bees were selected as described above and kept in 177.4 ml (6 oz.) square-bottomed *Drosophila* stock bottles (VWR) plugged with modified foam tube plugs (Jaece Industries). Bees were maintained in incubators at 35°C (unless otherwise stated) in the presence of PseudoQueen (Contech, Victoria, British Columbia, Canada) as a source of Queen mandibular pheromone (QMP) and used as per the manufacturer's instructions. Bees were fed 33% sucrose via a modified 1.5-ml screw-cap tube. For heat shock, bees were fed 33% sucrose.

Nosema ceranae infection and spore quantification. {#s4.4}
--------------------------------------------------

*N. ceranae* spores were obtained from infected individuals for use in infection studies ([@B64], [@B75]). In addition, an isolate was obtained from this colony and serially passaged through bees, as performed previously ([@B76]). Spores from these bees were used in some experiments. To isolate spores, midguts from infected or uninfected bees were individually crushed in 0.5 ml H~2~O, and the spore number was assessed by light microscopy. Midguts were washed 3 times with water and resuspended in 33% sucrose syrup at a concentration of 1 × 10^6^ spores per ml. Bees were allowed to consume food *ad libitum* for 24 h before food was replaced with 33% sucrose syrup alone. Bees in the uninfected group always received sucrose syrup containing a midgut from an uninfected bee processed in the same way as the midgut-containing spores. Infection intensity was also quantified by counting number of spores per bee using light microscopy ([@B77]).

RNA isolation, reverse transcription, and quantitative PCR for gene expression analysis. {#s4.5}
----------------------------------------------------------------------------------------

Midguts were used for gene expression analysis. All dissected material was placed into RNA*later* (Invitrogen, San Diego, CA) for storage prior to analysis of individual workers' gene expression. RNA was prepared from bees from the described populations by manually crushing the tissue of interest with a disposable pestle in TRIzol reagent (Invitrogen) and extracting the RNA as per the manufacturer's instructions. RNA was subsequently DNase I treated by RQ1 RNase-free DNase (Promega, Madison, WI) and quantified. cDNA was synthesized using approximately 1 μg of RNA with the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Typically, 1 μl of cDNA was then used as a template for quantitative PCR to determine the levels of expression of genes of interest using the iQ SYBR green supermix (Bio-Rad) in an iCycler thermocycler (Bio-Rad). Primer sequences for transcripts of genes of interest developed for this study are in [Table S4](#tabS4){ref-type="supplementary-material"}. For honey bee genes, the difference between the threshold cycle (*C~T~*) number for the honey bee β-actin gene and that of the gene of interest was used to calculate expression levels relative to the β-actin gene using the ΔΔ*C~T~* method. For infection levels, the difference between the *C~T~* number for the honey bee β-actin gene and that of the primers for the *N. ceranae* β-actin gene was used with the ΔΔ*C~T~* method. A sample was considered negative for a specific *Nosema* species if it did not amplify any product by 35 cycles, and zero was entered as the value in these cases. For *N. ceranae* genes, the difference between the *C~T~* number for *N. ceranae* β-actin and that of the gene of interest was used to calculate expression levels relative to *N. ceranae* β-actin using the ΔΔ*C~T~* method.

10.1128/mSphere.00219-19.10

Primer sequences developed for use in this study. Download Table S4, XLSX file, 0.01 MB.
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RNA-seq. {#s4.6}
--------

For RNA-seq analysis, RNA was isolated from midgut samples as described above. After quantifying and checking the purity of RNA, it was shipped to GENEWIZ (South Plainfield, NJ, USA). RNA was submitted to additional quality control analysis before mRNA was enriched by poly(A) selection for library preparation using a NEBNext Ultra RNA library preparation kit. Sequencing was then performed using an Illumina HiSeq platform. Sequence reads were trimmed to remove possible adapter sequences and nucleotides with poor quality using Trimmomatic v.0.36. The reads were then mapped to the *A. mellifera* and *N. ceranae* reference genomes available on NCBI using the STAR aligner. The RNA-seq aligner is executed using a splice aligner, which detects splice junctions and incorporating them to help align the entire read sequences. BAM files were generated as a result of this step. Gene hit counts were calculated using Feature counts from the Subread package. The statistics of the raw sequence data and mapping of the reads to the reference genome are found in [Table S2](#tabS2){ref-type="supplementary-material"}. After mapping and total gene hit count calculation, the total gene hit count table was used for downstream differential expression analysis using DESeq2. Genes with an adjusted *P* value of \<0.05 and absolute log~2~ fold change of \>1 were called significant differentially expressed genes (DEGs) for each comparison. Volcano plot analysis shows the global transcriptional change between groups. All the genes are plotted, and each data point represents a gene ([Fig. S3](#figS3){ref-type="supplementary-material"}). The log~2~ fold change of each gene is represented on the *x* axis, and the log~10~ *P* value is shown on the *y* axis. An adjusted *P* value of 0.05 and a log~2~ fold change of 1 are indicated by red dots. These represent upregulated genes. An adjusted *P* value of 0.05 and a log~2~ fold change of −1 are indicated by blue dots. These represent downregulated genes. To further investigate the function of the DEGs, we used a resource kindly provided by Michelle Flenniken ([@B78]) in which they used reciprocal BLAST+ ([@B79]) to identify the Drosophila melanogaster orthologs and homologs of all honey bee genes ([@B80]). Biological process (BP) functional enrichment analysis and Gene Ontology enrichment analysis were performed with DAVID using both the honey bee gene lists and the lists of the corresponding fruit fly homologs ([@B81], [@B82]).

Statistical analysis. {#s4.7}
---------------------

For analysis, data were log~10~ transformed and compared using unpaired *t* tests with Welch's correction when values fit normal distributions or Mann-Whitney U nonparametric tests when they did not fit normal distributions. Normality was assessed using Shapiro-Wilk tests. When more than two groups were being compared, data were compared using one-way analysis of variance (ANOVA) with Tukey's multiple-comparison test when values fit normal distributions or a Kruskal-Wallis test.

Accession number(s). {#s4.8}
--------------------

The RNA sequence information in this study has been submitted to the Gene Expression Omnibus database under accession number [GSE128364](https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128364).
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